Abstract To investigate the dynamic control of cardiac ATP synthesis, we simultaneously determined the time course of mitochondrial oxygen consumption with the time course of changes in high-energy phosphates following steps in cardiac energy demand. Isolated isovolumically contracting rabbit hearts were perfused with Tyrode's solution at 28°C (n=7) or at 37°C (n=7). Coronary arterial and venous oxygen tensions were monitored with fast-responding oxygen electrodes. A cyclic pacing protocol in which we applied 64 step changes between two different heart rates was used. This enabled nuclear magnetic resonance measurement of the phosphate metabolites with a time resolution of =2 seconds. Oxygen consumption changed after heart-rate steps with time constants of 14±1 (mean±SEM) seconds at 28°C and 11±1 seconds at 37°C, which are already corrected for diffusion and vascular transport delays. Doubling of the heart rate resulted in a significant decrease in phosphocreatine (PCr) in inorganic phosphate (Pi) content, although oxygen supply was shown to be nonlimiting. The time constants for the change of both Pi and PCr content, =5 seconds at 28°C and 2.5 seconds at 37°C, are significantly smaller than the respective time constants for oxygen consumption. The changes in phosphate metabolites during changes in oxygen consumption suggest that regulation of oxidative phosphorylation could occur partly via products of ATP hydrolysis, but the unequal time constants of PCr and oxygen consumption suggest that other regulatory mechanisms also play a role. These dissimilar time constants further suggest that there might be an appreciable transient contribution of nonaerobic, presumably glycolytic, ATP synthesis to buffer the high-energy phosphates during fast transitions in cardiac work. (Circ Res. 1994;75: 751-759.) Key Words * myocardial energy metabolism * rabbit hearts * mitochondrial control * 31P nuclear magnetic resonance spectroscopy * oxidative phosphorylation changes in high-energy phosphates and Pi despite increases in myocardial oxygen consumption suggested that the phosphate metabolites may not be the primary regulators of cardiac mitochondrial respiration.
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The absence of a change in ATP or phosphocreatine (PCr) after a change in metabolic demand would also mean that mitochondrial ATP production and hence oxygen consumption must adapt immediately to a change in cytosolic ATP hydrolysis. In the isolated perfused rabbit heart, this is not the case ',12 Only limited data on the transient behavior of the phosphate metabolites and oxygen consumption immediately after a change in cardiac work load are available,5 since most of the studies either intentionally focused on periods of stable myocardial metabolism or lacked sufficient time resolution to detect possible changes. Therefore, the aim of the present study was to combine time-resolved 31P nuclear magnetic resonance (NMR) spectroscopy and continuous oxygen tension measurements to simultaneously determine the time course of adaptation of cardiac mitochondrial oxygen consumption and the time course of possible changes in high-and low-energy phosphates during changes in cardiac energy demand.
Materials and Methods

Animal Preparations
Male New Zealand White rabbits (n= 14), weighing 2.0±0.4 kg (mean±SD), were anesthetized with intramuscularly administered 10 mg/kg fluanisone and 0.3 mg/kg fentanyl citrate (Hypnorm, Janssen Pharmaceutica) supplemented with pentobarbital sodium (40 mg/kg iv). After intravenous heparinization (250 IU heparin per kilogram), the heart was rapidly excised and cooled in ice-cold perfusate. After cannulation of the aorta, the hearts were perfused according to Langendorff with a constant flow of Tyrode's solution containing glucose (11 mmol L`1) as exogenous substrate.8'9 Adenosine (10-5 mol -L-') was added to the perfusion medium to obtain maximal vasodilation, which is desirable for our method to determine the mean response time.89 The right atrium was closed by ligation of the caval veins to ensure that venous effluent leaves the heart via the right ventricle and pulmonary artery. For assessment of contractile function, a water-filled latex balloon was inserted into the left ventricle and was connected to a Statham P23Db pressure transducer (Statham Instruments). The atrioventricular node was destroyed by crushing the tissue, resulting in a low spontaneous heart rate. Hearts were then electrically stimulated via two "necklaces" of copper wire and resistors in series, which were attached to the right ventricular outflow tract. This method allowed electrical pacing without the introduction of electromagnetic interference. 13 Hearts were then placed in a 30-mm-diameter NMR tube together with a glass capillary containing a solution of methylenediphosphonate (MDP) for spectral reference. The glass tube was lowered into the magnet, and the heart was positioned in the center of a Helmholtz coil. The effluent was removed from a level above the heart, leaving the heart submerged in perfusate for optimal magnetic susceptibility matching. Myocardial temperature was kept constant by water-jacketed perfusion lines and a continuous stream of heated air around the sample tube.
Experimental Procedures
The present study was carried out at 37°C and also at 28°C in a separate group of hearts, because at this latter temperature oxygen supply has been shown to be nonlimiting.9"10"12"14"15
The perfusate was filtered using a 0.45-,um filter (Millipore) and was saturated with gas containing 95% 02/5% C02, resulting in a pH of 7.3. Perfusion flow was kept constant by means of a roller pump and was continuously measured with an electromagnetic flow probe (MDL 503 system, Skalar). Coronary perfusion pressure was measured with a Statham P23Db pressure transducer and was initially adjusted to a pressure of :=85 mm Hg. Coronary oxygen tensions in arterial inflow and venous outflow were continuously monitored with fast-responding Clark-type oxygen electrodes, which did not interfere with the NMR measurement and which were located 1 cm above the top of the heart.13 The electrodes were calibrated before and after the experiment. Oxygen concentrations were calculated with an oxygen solubility of 1.53 Data were recorded on a thermal recorder (Gould 4000) and simultaneously digitized and stored on a personal computer (PCP 90, Olivetti).
Calculation of the Mean Response Time of Mitochondrial Oxygen Consumption
The speed at which mitochondrial ATP production adapts to a change in metabolic demand can be described by the mean response time,8 which is equivalent to the time constant if the time course is monoexponential but which is also generally applicable to nonmonoexponential responses. From the time course of the oxygen tension transient in the venous effluent, a measured response time (tv) can be determined. Because of diffusion of oxygen between capillaries and mitochondria and transport of oxygen in the coronary blood vessels toward the oxygen electrode, we have to correct t,, measured in the coronary venous effluent, for the transport time (ttransport) to obtain the mean response time of mitochondrial oxygen consumption (tjit0) according to the following equation8: (1) tmito t ttransport Thus, the true response time of oxidative phosphorylation at the level of the mitochondria is obtained. The derivation of this equation and the precise mathematical definitions of tv, tmito, and ttransport have been described before,' but a brief explanation of their use follows for the reader's convenience.
The mathematical derivation shows that ttransport is obtained by dividing the change in the amount of oxygen in the heart (AQ) by the change in oxygen consumption (AM) that caused this change in the amount of oxygen8'9: Oxygen reversibly bound to myoglobin is explicitly included in the model and is measured during the washout procedures just mentioned. The capacitive action of oxygen binding to myoglobin is thus incorporated in the calculation of t,,.sport. The effective oxygen solubility we determined from Vd.o2 in our isolated rabbit heart preparation is not much higher than the physical oxygen solubility, 8 forth between two heart rates. For these acquisitions a 700 pulse was also used. Both the NMR spectrometer and the cardiac stimulator were triggered by the Bruker pulse programmer, which ensured measurement always at the same phase (end diastole) of the heart cycle. This heart-rate-step NMR protocol was repeated 64 times to obtain a sufficient signal-to-noise ratio for data analysis (see "Experimental Protocol"). FIDs were sequentially accumulated in separate memory blocks corresponding with fixed time points in the cyclic pacing protocol. NMR data were quantified by a timedomain fitting routine.16
PCr, Pi, and MDP were corrected for partial saturation.
Saturation factors were identical at both heart rates and were 1.3 and 1.3 for PCr, 1.0 and 1.1 for Pi, and 1.5 and 1.8 for MDP at 28°C and 37°C, respectively. These factors were determined by using data of the control spectra with a 10-second repetition time. pH1 values were calculated from the chemical shift difference (8, 
Experimental Protocol
Hearts were perfused either at 28°C (n=7) or at 37°C (n=7).
The hearts were paced at two different heart rates: 60 and 120 beats per minute at 280C or 100 and 200 beats per minute at 37°C. We performed a cyclic heart-rate-step NMR protocol (Fig 1) where we repeatedly switched back and forth between the two heart rates while sequentially recording FIDs in separate memory blocks spanning an entire cycle of the protocol. At 28°C, each cycle of the cyclic heart-rate-step NMR protocol consisted of 6.0 seconds at 60 beats per minute, 62.0 seconds at 120 beats per minute, and 60.0 seconds at 60 beats per minute.
At 37°C, the cycles consisted of 3.6 seconds at 100 beats per minute, 39.6 seconds at 200 beats per minute, and 39.6 seconds at 100 beats per minute again. During the NMR data acquisition, oxygen tension was recorded continuously.
In addition to the cyclic heart-rate-step NMR protocol, a series of interventions (Fig 1) were carried out at 37°C; these interventions were necessary to determine ttransp,,t and t,, which were, in turn, used to calculate t,,,o (see "Calculation of the Mean Response Time of Mitochondrial Oxygen Consumption"). These interventions were applied at both heart rates inside the NMR tube in a fixed experimental order: arterial oxygen concentration step, step in perfusion flow, and a heart-rate step from 100 to 200 beats per minute and back. During the concentration step, the arterial oxygen concentration was decreased stepwise by =10% and back to the initial value at constant perfusion flow and pressure. The step in perfusion flow consisted of an 8% to 10% decrease in flow, followed by a return to the initial value. At 28°C, only the step in perfusion flow and a heart-rate step from 60 to 120 beats per minute and back were performed (Fig 1) . At both temperatures, these interventions with recording of oxygen tension, but without NMR data acquisition, were performed both before and after the cyclic heart-rate-step NMR protocol (Fig  1) to test the stability of the preparation.
31P control spectra were obtained at both heart rates (60 and 120 beats per minute at 28°C or 100 and 200 beats per minute at 37°C) immediately before and after the cyclic heart-ratestep NMR protocol (Fig 1) to determine phosphate metabolites during steady-state conditions and to test the stability of the preparation.
Data Analysis
Data are presented as mean-+±SEM unless indicated otherwise. An ANOVA for repeated measurements19 was used to analyze the effect of various experimental conditions on myocardial oxygen consumption. Phosphate metabolite contents at different heart rates were compared by a paired t test. A test result with a value of P<.05 was considered significant. To estimate the time constants of the changes in phosphate metabolite contents, an exponential curve was fitted to the data by a nonlinear least-squares fitting routine using a finite difference Marquardt-Levenberg algorithm.20 Since the changes in Pi and PCr were relatively small and NMR measurements are relatively insensitive, the data of all hearts at the same temperature were averaged to obtain a sufficient signalto-noise ratio before fitting the exponential curve. In contrast, tint0 values were calculated for each heart individually. Average tmito values were then compared with time constants of phosphate metabolites by an unpaired t test.'9 An ANOVA for repeated measurements'9 followed by a post hoc contrast test was used to test for changes in pH over time. Using this post hoc contrast, we compared the pH at 28°C for the first eight points after a step in heart rate with the last eight points at the same heart rate, and pH values at 37°C during the first and last five points were compared.
We have calculated the ADP concentration as follows: a cytosolic water volume of 0.4 mL -g wet wt-1was used21,22; the apparent equilibrium constant (K,,j) of the creatine kinase reaction was 210 at 28°C and 180 at 37°C, according to recently published data23; and total creatine was assumed to be 60 ,umol* g dry wt-1 according to previously published data24 and our own high-performance liquid chromatography measurements on isolated rabbit hearts according to published methods. 25 
Results
General
Wet weight of the hearts was 7.3+0.6 g (mean±SD)
at the end of the experiment. Dry weight, determined after 3 days of storage at 80°C, was 0.9±0.1 g (mean±SD). Average coronary flow, perfusion pressure, and oxygen consumption during the cyclic heartrate-step NMR protocol are shown in Table 1 . Flow and oxygen consumption measured before, during, and after the NMR protocol were not different, indicating a stable preparation. Perfusion pressure increased slightly over time by =4% per hour. Left ventricular systolic pressure decreased with heart rate (Fig 2) . At 28°C, end-diastolic pressure increased significantly with higher heart rate because of incomplete relaxation at this low temperature. , coronary venous oxygen tension (C), and product of heart rate and peak systolic pressure (rate-pressure product [RPP], D) during heart-rate steps at 280C. dw indicates dry weight; BPM, beats per minute; and arrows and dashed lines, the time points at which the heart rate was changed. The heart rate was initially 60 beats per minute. Metabolite contents were determined at 2-second intervals and were corrected for partial saturation. For each experiment, the nuclear magnetic resonance data for every single time point consisted of 64 accumulated free induction decays (see "Materials and Methods"). All data were averaged for seven experiments; bars represent SEM, which mainly reflects interindividual variation. The SEM of oxygen tension (---26 mm Hg) and of RPP ods"). Within all perfusion conditions the t, obtained from upward and downward steps in heart rate was not significantly different. Thus, the average t, of the upward and downward changes in heart rate is given in Table 2 . At both temperatures, t, increased significantly from the beginning to the end of the experiment, with 5.1 and 3.8 seconds at 28°C and 37°C, respectively. In Table 2 , t, averaged over time is given. ttransport was obtained from venous oxygen tension transients after steps in flow, down by 9.4+0.3% at 280C and by 7.3+±0.4% at 37°C, or after steps in arterial oxygen tension.8 ttranSp,, values obtained at the high and low heart rates did not show any difference. No significant difference was found between ttrans,por obtained at the beginning or at the end of the experiment, indicating stability of oxygen transport. Therefore, the overall average tran,port for each temperature is used to calculate tmito ( Table 2) .
Changes in force production in isolated heart muscle, which are comparable with changes in developed pressure in our isolated heart preparation, correspond with , coronary venous oxygen tension (C), and product of heart rate and peak systolic pressure (rate-pressure product [RPP], D) during heart-rate steps at 370C. dw indicates dry weight; BPM, beats per minute; and arrows and dashed lines, the time points at which the heart rate was changed. The heart rate was initially 100 beats per minute. Metabolite contents were determined at 1.8-second intervals and were corrected for partial saturation. The SEM values of oxygen tension (--31 mm Hg) and of RPP (--950 mm Hg . min-') have been omitted for clarity. For further explanation see legend to Fig 3. immediate changes in ATP hydrolysis during each contraction.27 If rate-pressure product (RPP), ie, heart rate times peak systolic pressure, is taken as a measure for metabolic demand,6 we can investigate the time course of metabolic demand (ATP hydrolysis) after a step in heart rate on a beat-to-beat basis. The RPP reached a steady state after an initial overshoot ( Figs 3D and 4D) , because there is a gradual decrease in systolic pressure after the upward step in heart rate. The mean response time for RPP (tRpP) is negative because of this overshoot (see Reference 9 for the mathematical definition of tRPP). The negative values of tRpP (Table 2) indicate that tmito slightly underestimates the delay between ATP hydrolysis and mitochondrial ATP synthesis.9
Venous oxygen tension first increased transiently after the upward step in heart rate and subsequently decreased to a new steady state because of the increase in oxygen consumption (shown in Fig 3C and, barely visible, in Fig 4C) . During a decrease in heart rate, the inverse was found (Figs 3C and 4C ). This initial deflection is not related to changes in mitochondrial oxygen consumption but is presumably caused by a transitory increase in venous outflow, resulting in a decrease of coronary vascular volume due to the more frequent contractions of the myocardium.8-10,28 The initial deflec- There were no significant changes in steady-state pH with heart rate. However, at 2 to 16 seconds after doubling the heart rate at 28°C, pH was increased significantly by 0.02 to 0.04 pH unit and then decreased again toward the control value (Fig 6) . At 37°C, a similar increase in pH at 2 to 9 seconds after the heart-rate step was also significant. The opposite was seen after the decrease in heart rate.
Comparison of tmito and the Time Constants of PCr and Pi Values for t.in1 are presented in Table 2 . At both 28°C and 37°C, tmito is significantly longer, by a factor of 2.7 and 4.5, respectively, than the time constants of the changes of both Pi and PCr at the same temperature. Discussion Critique of Methods
Since the expected changes in phosphate metabolites were quite small, we tried to impose changes in heart rate that were as large as possible without causing problems with oxygen supply. It has been suggested that at 37°C the oxygen supply might be somewhat impaired in the isolated perfused rabbit heart.15 Therefore, we did half of our studies at 28°C, and we used adenosine to obtain maximal vasodilation. Earlier studies from this laboratory showed that the heart rate could be increased to 120 beats per minute at 28°C without causing problems in oxygen supply or mechanical function. 9101214 In pilot experiments, we found that we could increase the heart rate to :200 beats per minute at 37°C before oxygen supply would become limiting. This is in agreement with a report by Murashita et a129 on the isolated working rabbit heart. To obtain a basal heart rate as low as possible, we crushed the atrioventricular node of the heart, after which we could pace the heart at 100 beats per minute. Compared with normal in vivo heart rates of a rabbit, which vary between 200 and 300 beats per minute,30 the heart rates we used in the present study are thus relatively low, necessitated by the requirement of a good oxygen supply. The temperature of rabbits in vivo is relatively high (on average, 39.5°C). 30 We followed the practice of the majority of laboratories and obtained measurements at 37°C, despite the small difference this implies with in vivo conditions. The calculation of ttransport depends on our model for oxygen transport containing several assumptions, which have been discussed by Van Beek and Westerhof.8
However, the two methods to calculate ttransport which use two independent data sets, give identical results.89 Further, comparison of tmito with the time course of oxidative phosphorylation obtained from recovery heart-rate measurements in isolated heart muscle showed excellent correspondence. 9 Because of the noisiness of our data on the phosphate metabolites, the results of the curve-fitting procedure exhibited a relatively large standard error. Despite this scatter in the data, the differences between the response times of the phosphate metabolites and oxygen consumption were highly significant. Extrapolation of the present results in the isolated saline-perfused rabbit heart to in vivo conditions should be done with caution. Especially the exogenous substrate available to the heart (in the present study, glucose) might have a large effect on the behavior of energy metabolism. 31 Physiological Implications
The present study demonstrates that in the isolated Tyrode-perfused rabbit heart, high-and low-energy phosphates change with work load in contrast to many of the results obtained in vivo. [4] [5] [6] [7] The changes in highand low-energy phosphates suggest that phosphate metabolites could participate in the control of oxidative phosphorylation in this experimental model. In the isolated rabbit heart, oxygen consumption following a step in heart rate adapts with a response time of many seconds and is substantially longer than the corresponding time constants of the phosphate metabolites. averages of the last 20 or 10 points of each heart-rate period of the cyclic heart-rate-step nuclear magnetic resonance protocol at 280C and 370C, respectively (see Figs 3 and 4 ). *Significant difference compared with low heart rate at same temperature.
For many of the in vivo NMR studies, it was reported that there were no changes in phosphate metabolites due to changes in work load. [4] [5] [6] [7] In other studies, changes in these metabolites were reported under specific experimental circumstances.5,32-34 For example, Heineman and Balaban5 showed that in mature dog hearts the PCr-to-ATP ratio only changed with heart rate when there was a concomitant decrease in coronary flow and arterial blood pressure. Portman et aP34 showed that changes in the PCr-to-ATP ratio due to increases in work load occurred in newborn lambs but not in mature sheep. Massie et a133 reported a significant decrease in the PCr-to-ATP ratio at high work loads in porcine left ventricle. A possible explanation for the discrepancy between the change in PCr content found in the present study on isolated hearts and results obtained from many in vivo experiments, in which there were often no changes in phosphate metabolites detected,4-7 may be a difference in measurement precision. The standard errors for PCr obtained from in vivo measurements vary between 4% and 10%,6,7 whereas the standard error seen in our study is maximally 1.5%, in most cases even less ( Table 3 ). The standard errors of the steady-state data in the present study are small because the last 10 or 20 time points (see Figs 3 and 4, with each time point being the average of seven experiments) of each heart rate level were averaged. The changes in PCr in the present study are of the same order as the standard error of in vivo NMR measurements in the studies of others, and these changes are significant because of the substantially smaller standard error in the present study.
Changes in phosphate metabolites with work load have been attributed to deficient oxygen supply.5 Because oxygen consumption and developed pressure were not depressed by decreases in perfusion flow and arterial oxygen tension (see "Results" and our previous studies9101213), it must be concluded that there is no limitation by oxygen supply in our preparation. Furthermore, we have previously shown that the lactate efflux from our preparation is very low.12 Steady-state pHi was constant when the heart rate was doubled, which supports the view that the observed changes in high-and low-energy phosphate levels at different heart rates are not caused by hypoxia. The transient increase of pHi immediately after an increase in heart rate is most likely caused by the fall in PCr content, which leads to an absorption of protons via the creatine kinase reaction.35-37 The reverse is seen after a decrease in heart rate. According to Connett,35 a decrease in [PCr] of =1.5 mmol L`1 in skeletal muscle would cause an increase in pH, of z0.03 to 0.05 pH units. Since in the present study the changes in both [PCr] and pH are in these ranges, this would mean that the alkaline shift observed could be totally attributed to the change in [PCr] . The return of pH, to baseline after the initial increase during the heart rate step (Fig 6) shown that the response time of cardiac oxygen consumption to demand was significantly diminished when the NADH supply to the respiratory chain was increased by replacing glucose by supraphysiological concentrations of pyruvate in the perfusate of the isolated rabbit heart, revealing the control exerted by the NADH-producing processes.'4 Further, it has been suggested that mitochondrial proteins regulating ATP synthase play a role in the adaptation of ATP synthesis to work load. 49 Oxygen consumption at a heart rate of 60 beats per minute at 28°C is larger than the oxygen consumption at a heart rate of 100 beats per minute at 37°C (Table 1) 8.5 ,umol * g dry wt`for the heart rate steps at 28°C and 37°C, respectively. Using 3'P NMR spectroscopy, we actually determined that PCr declined significantly by ;11% and 8% after the change in heart rate at 28°C and 37°C, respectively, corresponding with 2.7 and 1.7 ,umol g dry wt-l. Thus, the changes in PCr calculated from tmi,o are much larger than measured by NMR spectroscopy at the same temperature. The difference might be explained by a transiently increased glycolytic ATP production at the higher heart rate,12 which is not taken into account in Equation 3. This temporary glycolytic burst has been predicted by using a computer model of cardiac energy metabolism53 and has also been observed54 in isolated perfused rat heart with pyruvate as exogenous substrate. Furthermore, Connett1" has shown that a large transient glycolytic burst takes place in dog gracilis muscle immediately after a work jump but that the lactate produced remains in the cell. Hak et al12 have shown that the coronary venous lactate efflux doubles when the heart rate was doubled in isolated perfused rabbit heart. However, the calculated glycolytic ATP synthesis related to the lactate efflux measured in our preparation12 was far less than the 2 to 7 ,mol g dry wt-1 difference between the decrease in PCr content measured with 31P NMR spectroscopy and the decrease calculated according to Equation 3 . On the basis of our findings, we hypothesize that during fast transitions to higher work load, a brief burst of additional glycolytic ATP production buffers the high-energy phosphates. This would be accompanied by extra NADH production that might stimulate oxidative phosphorylation and presumably by lactate production. Because no burst is detected in the venous lactate efflux in our preparation,12 the lactate produced during the presumed glycolytic burst must have stayed intracellularly. The excess intracellular lactate may be used in the subsequent period as fuel for the mitochondria. The return of pHi to baseline after the initial increase during the heart-rate step (Fig 6) may correspond with the extra production of intracellular lactic acid.
Known biochemical mechanisms could cause the hypothesized fast increase in glycolytic ATP production.
Hak et al12 found that lactate production in the isolated rabbit heart during a step in heart rate was increased with a response time of at most 6 seconds at 28°C. The change in phosphate metabolites found in the present study occurred with a similar response time. Because changes in AMP, Pi, and PCr regulate the activity of phosphofructokinase (PFK), an important control point in the glycolytic chain,55 a fast change in glycolytic flux is quite feasible. The small change in pH, also contributes to the regulation of PFK. Citrate, which inhibits the activity of PFK, decreases immediately after an upward step in cardiac work load.53 '54 Further, glucose-6-phosphate production from glycogen is stimulated quickly by increases of cytosolic Ca 2+ concentration that accompany the increase in heart rate. The increased glucose-6-phosphate levels might then accelerate the rate of glycolysis.55
In summary, we found a small but significant decrease in PCr at increased ATP turnover in isolated Tyrodeperfused rabbit heart, in contrast with many in vivo studies. However, these changes in phosphate metabolites were not caused by limited oxygen supply. The time constants of the PCr and Pi changes, which were small compared with tmito during a step change in heart rate, suggest involvement of transient additional ATP synthesis early after the heart-rate step via the glycolytic pathway. Although the decrease of PCr and increase in Pi suggest that partial stimulation of oxidative phosphorylation by phosphate metabolites is possible, the discordant time courses of PCr and oxygen consumption indicate that other pathways play a role in the dynamic regulation of cardiac oxidative phosphorylation.
